Since its introduction to the field of ophthalmology, optical coherence tomography (OCT) has been markedly improved in terms of imaging protocols, algorithms, and new parameters that have enhanced its utility for the diagnosis and assessment of glaucoma progression. In this review, we examine the clinical utility of OCT in the diagnosis of glaucoma and monitoring of its progression, and emphasize the technological advances that facilitate both glaucoma research and the formulation of clinical management strategies.
macular parameters has become very important, as the macula contains the highest concentration of RGCs (approximately 50% of the total number of RGCs on the retina).
2 As such, their loss in this area is, at least potentially, more readily detectable than the loss of pRNFL.
Spectral-domain OCT is rapidly evolving, offering faster scanning speed, 3-dimensional (3D) image acquisition patterns as well as reproducible registration and advanced segmentation algorithms. Such SD-OCT instruments are commercially available from a number of manufacturers. The resolutions, scan acquisition rates and measurements of these devices are generally not interchangeable, although their glaucoma-detection utilities are very similar. Moreover, the most recent iteration of commercially available OCT, swept-source (SS) OCT, offers theoretical advantages over the earlier generation of OCTs that assessed glaucoma -specifically faster scanning speed and higher penetration via its longer wavelength, as well as acquisition of high-quality wide-angle scans containing a large portion of the posterior pole (including not only the optic disc but also the macula).
3
In this review, we evaluate the clinical utility of OCT with regard to glaucoma diagnostics and monitoring of glaucoma progression. We also emphasize the advances in OCT technology that facilitate both glaucoma research and the formulation of clinical management strategies.
GLAUCOMA DIAGNOSIS
The use of SD-OCT for glaucoma diagnosis has become a common clinical practice. Whereas diagnosis of moderate-tosevere cases is quite straightforward, early glaucomatous damage presents potential challenges. Clinical assessment according to multiple parameters -including the pRNFL, ONH, and macular parameters -offers good diagnostic accuracy with larger area under the receiver operating characteristic curve (AUROC), not only for the diagnosis of various levels of glaucoma severity but also for the evaluation of risk in glaucoma suspects (Table 1 [4] [5] [6] [7] [8] [9] [10] [11] ). As structural damage is sometimes revealed in one parameter but not the other, information should be gathered for the pRNFL, ONH, and macula in glaucoma diagnostics.
RNFL Parameters for Glaucoma Diagnosis
The RNFL thickness parameters measured using SD-OCT provide good diagnostic accuracy and aid clinicians' differentiation of normal from early-stage glaucomatous eyes. The RNFL parameters researched most extensively thus far include global average pRNFL thickness, thickness deviation map, and thickness parameters measured either by quadrant or clock-hour The RNFL parameters measured using SD-OCT have, for the detection of glaucomatous damage, sensitivities ranging from 60% to 98% and specificities ranging from 80% to 95%.
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Furthermore, recent evidence shows that even before any visual field (VF) defects appear, average RNFL thickness parameters can detect glaucomatous damage: at a specificity of 95%, the percentage of eyes having abnormal RNFL thickness 4 years prior to detectable VF loss was as high as 35%, and 19% manifesting abnormal results 8 years prior.
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ONH Parameters for Glaucoma Diagnosis
Acquisition of 3D ONH images allows for accurate and reproducible measurement of ONH parameters including the disc and rim area, cup-to-disc ratio, cup volume, etc. One study utilizing SD-OCT images of glaucoma patients and agematched healthy controls reported that those parameters enabled discrimination between healthy and glaucomatous eyes, similar to RNFL thickness. 21 Recently researchers have been developing analytical methods using 3D data. 22 Bruch membrane opening-minimum rim width (BMO-MRW), for example, quantifies the rim from the point of its true anatomic outer border, the BMO, accounting for its variable orientation by measurement of the minimum distance from the BMO to the internal limiting membrane. In fact, BMO-MRW has shown better diagnostic performance than other ONH or RNFL parameters, both globally and in all respective sectors, in distinguishing early glaucoma eyes from healthy controls. 4 
Gardiner et al
23 reported BMO-MRW to be more sensitive for early detection of glaucomatous damage. Kim and Park 24 showed that 3D neuroretinal rim thickness, defined as the distance between the BMO and the vitreoretinal interface based on 3D volume scan data, can reduce false positivity in glaucoma diagnosis and offer better glaucoma-detection accuracy in myopic eyes.
Macular Parameters for Glaucoma Diagnosis
Evaluation of the macular region is also important in glaucoma diagnostics. The macular area is notable for its consistency, especially the fact that, relative to the pRNFL, it is less affected by inter-individual structural variability and factors such as blood vessels, peripapillary atrophy, and variable measurement such as precision in circle placement around the optic disc. 25, 26 Advances in OCT have allowed for more effective quantitative evaluation of damage to macular RGCs and have enabled more detailed segmentation of macular inner retinal layers as well as macular thickness in its entirety. 5, [27] [28] [29] Macular parameters such as macular RNFL, the ganglion cell layer with the inner plexiform layer (GCIPL), and the ganglion cell complex (GCC) including the macular RNFL, ganglion cell layer, and inner plexiform layer, can distinguish glaucomatous eyes from healthy ones and differentiate among early, moderate, and advanced glaucoma. 5, 27, [30] [31] [32] [33] [34] [35] The GCC and GCIPL parameters provide overall diagnostic performance that is at least equivalent to that of pRNFL parameters. Moreover, they offer comparable diagnostic performance in the detection of preperimetric glaucoma. 30, 32, 34, 36 Detection of glaucomatous damage in patients with high degrees of myopia is often challenging, due to unique ONH characteristics including tilting, oval configuration, and peripapillary atrophy. Compared with the pRNFL thickness, macular inner retinal thickness is reportedly less affected by the degree of myopia or the ONH morphology related to myopic change. Choi et al 37 reported that in their highly myopic group, the best parameters for discrimination of normal eyes from glaucomatous ones were inferior RNFL thickness (AUROC, 0.906) and inferotemporal GCIPL thickness (0.852), whereas in their non-highly myopic group, the best parameters were average RNFL thickness (0.920) and minimum GCIPL thickness (0.908). Inferotemporal macular GCIPL thickness, indeed, has been considered the best parameter for glaucoma detection in myopic preperimetric glaucoma as well. Moreover, Seol et al 38 found that inferotemporal macular GCIPL thickness was markedly better than average and inferior RNFL thicknesses as well as rim area in terms of diagnostic utility in myopic eyes.
Structural glaucomatous loss is often asymmetric especially in the early stages of glaucoma. Thus, posterior pole asymmetry analysis, in spite of the absence of any built-in normative database, is highly reproducible, matching pRNFL measurements in its diagnostic accuracy for early glaucoma. Notably, compared with any other macular parameters, automatic detection of hemifield difference across the horizontal raphe on the GCIPL thickness map (ie, the GCIPL hemifield test) by Cirrus high-definition OCT showed larger AUROC in its diagnosis of both preperimetric and early perimetric glaucoma (Fig. 1) . 39 Additionally, the GCIPL hemifield test can be particularly useful for diagnosis of patients who are highly myopic with a depigmented fundus and whose RNFL defect is not sufficiently visible for identification of early structural damage. 40 
Wide-Field Imaging and Glaucoma Diagnosis
Given the recent increase in the scanning speed of SS-OCT, it is now possible to cover, in a single scan, a region larger than that of combined cube scans of the disc and macula. The pRNFL and macular parameters in SS-OCT have proved useful for detection of glaucomatous damage, with a diagnostic accuracy similar to that of SD-OCT. 36 , 41 Hood et al 42 reported that widefield SS-OCT scans provide the information necessary for diagnosis of early glaucoma with an accuracy of 98.0%. Also, Lee et al 43 showed that wide-field RNFL thickness map of SS-OCT performed well in identifying eyes with preperimetric and early glaucoma among healthy eyes (AUROC, 0.809-0.865; Fig. 2 ).
Wide-field maps offer some advantages. They can be more sensitive in their visualization of the temporal margin of the RNFL defect. Also, RNFL defects remote from the optic disc can be more easily visualized with SS-OCT-based wide-field RNFL thickness maps than with either SD-OCT-or SS-OCT-based pRNFL thickness measurement.
GLAUCOMA PROGRESSION
Once glaucoma is diagnosed, a sensitive method for detection of its progression is essential, as appropriate escalation of treatment can slow RGC loss and preserve vision. Numerous studies have established the effectiveness of OCT parameters for identification of glaucomatous damage and deterioration. Table 2 summarizes a number of longitudinal studies of glaucoma progression detection with a follow-up duration of at least 3 years.
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The detection of glaucoma progression with OCT, however, is sometimes challenging due to a number of factors: the variable and slowly progressive nature of the disease, measurement variability of imaging devices, and the lack of any broadly acceptable reference standard for discrimination among glaucomatous structural damage, measurement variability, and/or age-related structural loss.
A prospective study that assessed age-related RNFL loss enroled 100 healthy subjects for cross-sectional evaluation and subsequently selected 35 of them for an additional 30 months of longitudinal evaluation. 51 The cross-sectional analysis revealed a significant negative correlation between age and average pRNFL thickness of −0.33 μm/year, whereas the longitudinal analysis found that the age-related loss of RNFL thickness was −0.52 μm/year. The same study reported that age-related structural loss could vary as a function of baseline RNFL, with a higher baseline thickness being subject to higher rates of decline.
Spectral-domain OCT progression analysis algorithms of glaucoma measure changes based on event-based or trend-based analysis. For long-term monitoring of glaucoma progression, these algorithms require parameters that are reliable in terms of reproducibility. Kim et al 52 established that both pRNFL and macular GCIPL measurements offer outstanding longterm reproducibility and that they are not affected by glaucoma severity. Thus using Guided Progression Analysis (GPA) with OCT can be considered one of the robust approaches for the detection of progressive glaucomatous change.
Event-based analysis deems progression to have occurred when a follow-up measurement exceeds a pre-established threshold for change relative to the baseline. It identifies both gradual changes over time that eventually cross a threshold and acute events that exceed that threshold. The limitation of eventbased approach is its susceptibility to the effect of outliers that might be inappropriately labeled "progression". Trend-based analysis detects progression based on evaluation of the slope of a measured parameter over time. Trend-based analysis is less sensitive to measurement variability, identifying a progression rate that can be extrapolated for time-to-event predictions. The limitation of trend-based approach is its requirement of a large number of tests for the reliability of its analysis. Furthermore, trend-based analysis makes an a priori assumption that might not be relevant to all eyes, ie, a linear rate of structural loss.
Assessment of disease progression in advanced glaucoma is extremely difficult, particularly in consideration of the structural aspects of this disease. In advanced glaucoma, RNFL measurements, due to the floor effect that blocks detection of further RNFL thinning, are less recommended for monitoring of glaucoma progression.
53-55 Sung et al 56 reported that there was no significant difference in the rate of change in average RNFL thickness between progressors and nonprogressors in 98 advanced glaucoma eyes [VF mean deviation (MD), ≤10 dB] over a mean follow-up of 2.2 years. Shin et al 44 showed that the rate of change of average RNFL thickness did not differ significantly in a moderate-to-advanced glaucoma group (VF MD, −12.27 ± 5.02 dB) over a mean follow-up of 5.0 years between VF progressors and nonprogressors. Therefore, OCT-based RNFL progression analysis results might be less accurate in advanced stage of glaucoma.
RNFL Parameters for Detection of Glaucoma Progression
In a longitudinal SD-OCT study of glaucomatous and healthy eyes followed up for 3 years, a significantly greater rate FIGURE 1. Examples of circumpapillary retinal nerve fiber layer (RNFL) and macular ganglion cell analysis maps measured by high-definition optical coherence tomography for a healthy eye (first row), a preperimetric glaucoma eye (second row), and an early-perimetric glaucoma eye (third row). The temporal and nasal borders of the RNFL defects are indicated by the black arrows on the RNFL thickness map or deviation map. In the preperimetric glaucoma eye, although there was no defect on the RNFL deviation map, a hemifield difference across the horizontal raphe (indicated by the blue arrow) was detected by the ganglion cell-inner plexiform layer (GCIPL) hemifield test. A hemifield difference across the horizontal raphe (indicated by the blue arrow) was also detected in the early-perimetric glaucoma eye. OD indicates right eye; OS, left eye. 39 Adapted with permission from Elsevier.
of RNFL loss in glaucomatous optic disc progressors than in nonprogressors was found. 45 Although average pRNFL thickness might be the main parameter for detecting structural progression in glaucoma, RNFL thickness in either the inferior quadrant or the inferotemporal sector is typically the most predictive of progression. 57, 58 A region of interest (ROI) in the RNFL has also been proposed as a tool for improving detection of structural progression. 59 The ROI is the ONH area in which progression is most likely to occur, which is to say, the location showing the earliest abnormal findings. Thenappan et al 60 discovered that ROI width significantly increased between the baseline and the final visit whereas pRNFL thickness decreased only insignificantly; the finding suggested that ROI can be a distinct parameter of progression. The caveat is that this approach performs well only in patients with early glaucoma and localized RNFL defect.
ONH Parameters for Detection of Glaucoma Progression
It could be supposed that measurements taken relative to the BMO would perform better than conventional structural measures in detecting glaucoma progression, especially given the relative stability of the BMO point of reference for repeat scans. However, a recent study by Gardiner et al 23 found that BMO-MRW and BMO-minimum rim area might be less useful for detecting changes, due to their relatively low longitudinal signalto-noise ratio relative to the pRNFL. This observation might have reflected changes in BMO location over time, probably related to intraocular pressure fluctuations or connective tissue remodeling with glaucoma progression. In a cross-sectional analysis, Johnstone et al 61 found that the BMO was located more posteriorly in older than in younger individuals, and hence suggested that the BMO might migrate posteriorly with age, rendering it a less FIGURE 2. A preperimetric glaucoma case in that early structural changes can be detected by wide-field retinal nerve fiber layer (RNFL) thickness maps but cannot be detected using circumpapillary RNFL or macular ganglion cell-inner plexiform layer (GCIPL) thickness maps. Conventional red-free photography reveals very early change in superotemporal RNFL defect (white arrows). Circumpapillary RNFL thickness by swept-source optical coherence tomography (SS-OCT) shows nonspecific findings in a 12-clock-hour analysis. Macular ganglion cell analysis by SS-OCT also reveals nonspecific findings on the GCIPL and GCIPL+RNFL. The SuperPixel map of SS-OCT also shows nonspecific findings. In this patient, only the widefield RNFL thickness map of SS-OCT clearly shows the wedge-shaped dark-blue area of RNFL thinning (white arrows). GCL+ indicates GCIPL; GCL++, GCIPL+RNFL.
43 Adapted with permission from Wolters Kluwer.
stable landmark than previously thought. In contrast, however, a longitudinal study following up on 95 eyes over the course of 3 to 4 years found the BMO location to be stable during the study period. 62 Certainly, longer-duration studies are necessary in order to determine whether the BMO can serve as a useful long-term and stable reference point to measure changes due to glaucoma.
Macular Parameters for Detection of Glaucoma Progression
A longitudinal study of glaucoma and healthy eyes reported that, compared with pRNFL, GCIPL showed similar levels of sensitivity for glaucoma progression detection. 63 Evaluation of RNFL is less sensitive than VF when tracking progression in advanced cases, due to a floor effect that occurs once the residual RGC layer has nearly diminished. 58, 64 A longitudinal study of VF-determined advanced glaucoma eyes demonstrated that the rate of average macular thickness loss was significantly greater in the progressed group than in the stable and undetermined groups during a mean follow-up of 2.2 years. Furthermore, the rates of average pRNFL thickness loss among the groups were similar, suggesting that macular thickness assessment might be more appropriate for detection of disease progression in advanced glaucoma (Fig. 3) . 44, 56 However, additional longitudinal studies with longer follow-up durations are required before any firm conclusions can be drawn.
Wide-field Imaging for Detection of Glaucoma Progression
A study of 94 early glaucoma eyes (average VF MD, −1.9 dB) showed that serial combined wide-field integrated RNFL/GCIPL maps of Cirrus high-definition OCT performed well in detecting structural progression within a minimum of 3-year follow-up duration. 65 These maps showed early glaucomatous structural progression detection abilities that were comparable to those of RNFL and GCIPL GPA, with sensitivities ranging from 63.8% to 83.0% and specificities from 84.8% to 95.7%. 65 Combined wide-field imaging enables structural progression to be interpreted comprehensively in the parapapillary and macular areas in one single image, and facilitates clear visualization and objective assessment of change. Additional longitudinal studies In subgroup analysis, the rate of change in the pRNFL thickness did not differ significantly in moderate-toadvanced glaucoma hypothesized that in cases of early glaucomatous damage, the macular area is involved, and that glaucomatous macular damage is typically associated with local RNFL thinning within a narrow region of the disc, an area they called the macular vulnerability zone. Kim et al 67 investigated the temporal relationship of inferiormacular GCIPL loss with corresponding pRNFL defect on the OCT deviation map. In early glaucoma eyes, GCIPL change was frequently detected prior to any corresponding pRNFL change, which suggested that the cause could have been the superior sensitivity of the GCIPL deviation map to allow earlier detection of abnormality in the macular area (Fig. 4) . In light of this, given that OCT pRNFL analysis alone might overlook macular damage, GCIPL imaging should be included in imaging algorithms for serial observation of patients with glaucoma and glaucoma suspects.
With respect to glaucoma progression, a prospective study with a mean follow-up of 5.8 years demonstrated that progressive macular GCIPL thinning and progressive pRNFL thinning as determined by GPA are mutually predictive (Fig.  5) . 68 Also, it found that integration of macular GCIPL with pRNFL measurements could facilitate early detection of disease deterioration, because both progressive pRNFL thinning and macular GCIPL thinning are indicative of VF progression. 68 The evidence accumulated to date suggests that pRNFL, ONH, and macular measurements are complementary and that use of multiple parameters can enhance sensitivity for detection of glaucomatous change. The use of multiple parameters, however, has the potential to increase the rate of false positivity. The availability of multiple structural parameters, therefore, presents an opportunity as well as a challenge, which should be thoroughly addressed in future studies.
DEEP LEARNING APPLICATION IN GLAUCOMA
Recently, there have been a number of limited, though expanding applications of artificial intelligence (AI) to glaucoma diagnostics. Artificial intelligence in computer systems represents the capacity to mimic human intelligence in terms of visual perception, voice recognition, and decision-making in performing various tasks. Machine learning is an AI subfield in which computers are "trained" to "learn", with "experience" "on their own". A machine-learning algorithm identifies patterns in observed datasets and adjusts accordingly in order to predict outcomes, without any pre-programmed rules or models. In deep learning, which is a subfield of machine learning, algorithms utilize a series of multilayered artificial neural networks for feature extraction as well as transformation.
Muhammad et al 69 made use of a hybrid deep-learning method in combination with a single-wide-field OCT to distinguish, based on pRNFL measurement, eyes previously classified as healthy suspect (n = 47) or mild glaucoma (n = 57). Their reported accuracy fell in the range of 63.7% to 93.1%, according to the input map. Overall, their approach outperformed both standard OCT and VF clinical metrics for identification of healthy eyes from early glaucomatous ones. Meanwhile, the deep-learning classifier proposed by Asaoka et al 70 for OCT-based diagnosis of early glaucoma showed an AUROC value of 0.937.
The use of AI in glaucoma diagnostics and detection of progression is a very significant area for future research. Certainly, deep-learning algorithms will support clinicians' identification of glaucomatous change. Their full implementation in clinical practice, however, warrants further clinical validation. 
